Acute kidney injury (AKI) is a common and severe complication after cardiac surgery. Currently, a series of novel biomarkers have favored the assessment of AKI after cardiac surgery in addition to the conventional indicators. The biomartkers, such as urinary liver fatty acid binding protein (L-FABP), urinary neutrophil gelatinase-associated lipocalin (NGAL), serum L-FABP, heart-type FABP, kidney injury molecule 1 (KIM-1), and interleukin-18 were found to be significantly higher in patients who developed AKI after cardiac surgery than those who did not. Apart from urinary interleukin-18, the novel biomarkers have been recognized as reliable indicators for predicting the diagnosis, adverse outcome, and even mortality of AKI after cardiac surgery. The timing of the renal replacement therapy is a significant predictor relating to patients' prognoses. In patients with AKI after cardiac surgery, renal replacement therapy should be performed as early as possible in order to achieve promising outcomes. In children, AKI after cardiac surgery can be managed with peritoneal dialysis. AKI after cardiac surgery has received extensive attention as it may increase early mortality and impact long-term survival of patients as well. Cardiovasc Surg 2019;34(3):352-360 
early mortality and impact long-term survival of patients as well. The purpose of this study was to analyze the changes of the pertinent biomarkers, to explore the related risk factors leading to the occurrence of AKI, and to provide a basis for the clinical prevention and reduction of AKI.
DEFINITIONS
The diagnosis of AKI was based on: 1) gradually decreased urine output <0.5 mL/kg/hour, for consecutively three hours with a poor response to diuretics; and 2) plasma creatinine >110 µmol/L or exceeding the baseline for over >50% [9] . Severe renal insufficiency is defined as an estimated glomerular filtration rate (eGFR) <30 mL/min/1.73 m 2 [10] . The diagnostic criteria of AKI following cardiac surgery are a 0.3 mg/dL or 50% or higher change in serum creatinine from baseline or a reduction on urine output of <0.5 mL/kg/hour over a six-hour interval, within 48 hours, following adequate volume resuscitation [11] . In addition, the eGFR by inclusion of cystatin C, named as Formula of Larsson, and calculated as 99.43 × cystatin C -1.5837 can be a more sensitive indicator of renal function after cardiac surgery in comparison to creatinine and the glomerular filtration rate (GFR) per se [12] . The Risk, Injury, Failure, Loss of kidney function, and End-stage kidney disease (RIFLE) classification, the Acute Kidney Injury Network (AKIN) criteria [13] , and the Kidney Disease Improving Global Outcomes (KDIGO) stages [14] are practical predictors for the evaluation of AKI after CABG and (or) heart valve operations ( Table 1 ). The Society of Thoracic Surgeons scoring system can
INTRODUCTION
Acute kidney injury (AKI) is a common and severe complication after cardiac surgery with an incidence of 3.4%; 1.9% of which requiring dialysis treatment [1] . The incidences of AKI in patients receiving isolated conventional coronary artery bypass grafting (CABG) and off-pump coronary artery bypass are 2.9% and 1.4%, respectively, with 35 .8% (19/53) of the AKI patients requiring dialysis [2] . A large nationwide database analysis in the United States revealed that CABG-associated AKI needing dialysis had increased from 0.2% to 0.6%, while the mortality simultaneously decreased from 47.4% in 1988, to 29.7% in 2003 [3] . In a retrospective cohort study of patients undergoing CABG in a single hospital in Brazil, the incidence of postoperative AKI was 9.3% [4] . The incidence of AKI was much higher in patients receiving CABG older than 70 years than in younger patients [5] , and in patients with conventional aortic valve replacement than in those with transapical aortic valve implantation [6] . Postoperative AKI not only extends the hospitalization days and increases the expenses of the patients, but also becomes an important independent prognostic risk factor. Especially, the incidence of AKI in patients after operation for thoracic aortic dissection is relatively high, with an increased mortality [7] . It was reported that a total of 27.7% of postoperative AKI patients developed atrial fibrillation [8] . Novel biomarkers that are applied in clinical practice as early and rapid indicators of AKI after cardiac surgery greatly facilitated the assessments of the occurrence, progression, and prognosis of the patients. AKI after cardiac surgery has received extensive attention as it may increase [18] . The predictive risk factors for postoperative severe renal insufficiency include age, gender, white blood cell count >12,000/mm 3 , prior CABG, congestive heart failure, peripheral vascular disease, diabetes, hypertension, and preoperative intra-aortic balloon pump [19] . In cardiopulmonary surgery, the four most important independent risk factors for postoperative AKI are old age, preoperative renal insufficiency, be used for the determination of postoperative mortality and morbidity including AKI [15] .
Risk Factors
There are several possible causes of AKI after open heart surgery, which can be classified as prerenal, renal, and postrenal causes. They can be further divided into: inflammatory, hemodynamic, constitutional and nephrotoxic (Table 2 ) [16] . Of them, renal perfusion deficiency subjected to sustained hypotension during the perioperative period was considered to be the main cause of AKI after cardiac surgery [17] . In a retrospective study on 108 
Biomarkers
Except for the conventional indicators, such as serum creatine, GFR, and cystin C, etc., a series of novel biomarkers have been favored in the assessment of AKI after cardiac surgery. These biomarkers, including urinary liver-type fatty acid binding protein (L-FABP), urinary neutrophil gelatinase-associated lipocalin (NGAL), and serum L-FABP, slightly increased in patients who did not develop AKI after cardiac surgery, but the increments were significant in patients with postoperative AKI (Figure 2 ) [28] . It was demonstrated that urinary L-FABP closely correlated to renal ischemia, namely, peritubular capillary ischemia, and might predict and survey the progression and prognosis of renal disorder, and therefore it was regarded as a reliable indicator of AKI, which precedes serum creatinine by hours to days [28] . The NGAL is an early indicator of renal ischemia and toxic injuries, and it is remarkably increased in both serum and urine in cases of AKI [29] . Pickering et al. [30] defined the cutoff for structural AKI as a urinary NGAL concentration >18.7 ng/mL. The areas under curve (AUCs) of plasma NGAL were 0.74 for the diagnosis of functional AKI, 0.79 for the diagnosis of structural AKI, 0.79 for the diagnosis of AKI and for prediction of renal replacement therapy, and 0.58 for the prediction of death.
L-FABP, a 14-kDa fatty acid binding protein, is elevated and secreted into the urine as a result of reactive oxygen stress due to renal ischemia. It has been used as a biomarker for the early detection of AKI after cardiac surgery. Urinary L-FABP levels were 601.5±341.7 and 233.8±127.2 μg/g Cr in the AKI and non-AKI groups, respectively, at the end of surgery. Three hours after surgery, urinary NGAL levels were 950.5±827.9 and 430.0±250.6 μg/g Cr in the AKI and non-AKI groups, respectively (P<0.05) [31] . cardiopulmonary bypass (CPB) time >140 min, and postoperative hypotension [20] . The EuroSCORE can be a good predictor for the evaluation of postoperative complications: patients who had postoperative AKI requiring continuous renal replacement therapy showed a higher mean EuroSCORE (8 vs. 4, P<0.001) than controls [21] . Moreover, fresh frozen plasma transfusion [22] , blood transfusion [23] , and preoperative use of angiotensin-converting enzyme inhibitor [24] , can be alternative risk factors of postoperative AKI. Some bioactive substances in the fresh frozen plasma, including histamine, eosinophil cationic protein, eosinophil protein X, myeloperoxidase, and plasminogen activator inhibitor, enhance the immune response and inflammatory processes, thereby triggering the occurrence of AKI [22] . The impact of CPB as well as its sequelae plays an important role in triggering postoperative AKI. Suen et al. [25] observed that significant risk factors were preoperative renal insufficiency, postoperative hypotension, CPB time >140 min, preoperative congestive heart failure, and diabetes mellitus. The predictive risk factors in patients undergoing CABG were postoperative hypotension, CPB time >140 min, preoperative renal insufficiency, and age. During CPB, the non-physiological state of CPB triggers inflammatory cascades and coagulation disorders that affect renal function, and the episodes of emboli can be a potential risk factor for renal infarctions and subsequent reductions in renal function [26] . It was once doubtful whether CPB protected renal function during CABG, but less common dialysis requirement in patients receiving off-pump coronary artery bypass offered a dissenting opinion [27] . In general, preoperative renal insufficiency and postoperative hypotension are the most important independent risk factors for AKI in patients after cardiac surgery. A conceptual model of pathophysiology of AKI after cardiac surgery is shown in Figure 1 . increase in log(h-FABP) was associated with a threefold increase in the odds of developing AKI [32, 33] . Oezkur et al. [34] reported that h-FABP was much higher in the AKI than in the non-AKI group (2.9 ng/mL vs. 1.7 ng/mL, P=0.04). Preoperative h-FABP correlated closely with the length of intensive care unit stay (r=0.32, P=0.007) and with duration of hospitalization (r=0.308, P=0.009). Moreover, h-FABP was significantly associated with preoperative creatinine, eGFR, and myoglobin levels.
Kidney injury molecule 1 (KIM-1) is a type-1 transmembrane glycoprotein typically expressed in the proximal tubule cells in ischemic and nephrotoxic conditions. Pediatric patients undergoing cardiac surgery with AKI had higher levels of KIM-1 than the controls, and 12, 24, and 36 hours after CPB, the AUCs for the diagnosis of AKI by using KIM-1 were 0.83, 0.78, and 0.84, respectively [35] . As reported by Parikh et al. [36] , postoperative KIM-1 levels were significantly increased in comparison to preoperative baselines in both adult and pediatric patients (Figure 3 ). But KIM-1 was noted to be of no value in predicting progression of the renal disease as L-FABP [36] . Instead, urinary KIM-1 levels predicted dialysis requirement and mortality [37] . However, Parikh et al. [36] indicated that KIM-1 functions to predict progression of AKI and adverse outcomes (dialysis requirement and death).
Fig. 3 -A comparison of kidney injury molecule 1 (KIM-1) between acute kidney injury (AKI) and non-AKI patients during postoperative period: (A) in adult and (B) in pediatric patients. *P<0.05 between AKI and non-AKI patients.

Fig. 2 -A comparison of novel biomarkers between acute kidney injury (AKI) and non-AKI patients: (A) urinary L-FABP, (B) urinary NGAL, and (C) serum L-FABP were significantly higher in AKI than in non-AKI patients at 4 and 12 hours postoperatively. **P<0.01 between AKI and non-AKI patients. L-FABP=liver-type fatty acid binding protein; NGAL=neutrophil gelatinase-associated lipocalin
Heart-type FABP (h-FABP) is a biomarker for myocardial ischemia and is associated with electrocardiogram changes, arrhythmias, and mortality after cardiac surgery. h-FABP and log(h-FABP) levels were discovered to correlate with the severity of AKI, and one unit after cardiac surgery with normal renal function, the natriuretic response to atrial natriuretic peptide is associated with an increase in the GFR as evidenced by the majority of studies. At a normal infusion rate, the GFR and filtration fraction increase by 5-35% and 20-60%, respectively. In ischemic AKI, atrial natriuretic peptide preferentially induces a reduction in preglomerular resistance. Atrial natriuretic peptide plays an important part in the afferent arterioles in terms of its renal vasodilatory effect in clinically ischemic acute renal failure [47] . Dopamine: Low-dose (1-3 μg/kg/min) dopamine can increase the renal perfusion of critically ill patients [48] . However, it was reported that a continuous intravenous infusion of low-dose dopamine (2 μg/kg/min) did not show significant protection from renal dysfunction [49] . Recent studies have indicated that low-dose dopamine may also be deleterious as a result of inducing renal failure as it may reduce splanchnic perfusion, depress respiration, suppress anterior pituitary hormone release and function, and worsen renal function in hypovolemic or normovolemic patients [50] . Dopamine receptors (dopamine-1 and dopamine-2): Selective dopamine-1 agonists have many desirable renal effects that theoretically support their use for the prophylaxis and (or) treatment of AKI for decreasing renal vascular resistance and increasing sodium excretion and urine volume. Even at high doses, some selective dopamine-1 agonists, such as fenoldopam, do not stimulate dopamine-2 receptors, or adrenergic α-or β-receptors, and therefore they are free of unwanted side effects (e.g., arrhythmias) [51] . Selective dopamine-1 receptor agonists exhibit many renal effects in decreasing renal vascular resistance and increasing renal blood flow, glomerular filtration, and sodium and water excretion [52] . Steroids: Steroid therapy (prednisolone 1 mg/kg for 1 month, tapered off 0.1 mg/kg every two weeks) in patients with moderate renal failure and evidence of renal functional deterioration retards the progression of renal failure characterized by an interstitial fibrosis [53] . However, the anti-inflammatory agents, such as dexamethasone, administrated before the start of CPB, showed no protective effect on perioperative renal dysfunction in low-risk cardiac surgical patients [54] . Antioxidant (N-acetylcysteine [NAC]): NAC does not reduce the extent of proximal tubule necrosis in 24 hours after reperfusion but may improve the histological appearance of the kidney in 7 days. This improvement of renal function impairment may be attributable to the NAC antioxidant effect or possible interactions between NAC and nitric oxide [55] , and it can decrease the creatinine level significantly after the treatment [56] . However, Adabag et al. [57] raised a different opinion, that prophylactic NAC management prior to cardiac surgery did not reduce AKI incidence or decrease serum creatinine after surgery. In a recent prospective randomized study, Amini et al. [58] found out that perioperative use of NAC, vitamin C, and selenium, did not reduce the risk of AKI following off-pump coronary artery bypass procedure.
Renal Replacement Therapy
The internal jugular and femoral veins are the usual venous accesses for cannulations of renal replacement therapy. The They also proposed combined biomarkers (urine KIM-1 on day 1 plus plasma NGAL on day 2, or urine KIM-1 on day 1 plus urine interleukin [IL]-18 on day 2 plus plasma NGAL on day 3) for more accurate predictive outcomes.
Urinary IL-18 levels were significantly increased in patients with AKI compared to controls. Also, urinary IL-18 was increased in kidney transplant patients who had delayed kidney graft function [38] . Parikh et al. [39] observed that IL-18 increased 4-6 hours after CPB, peaked at a 25-fold increase at 12 hours, and remained markedly elevated up to 48 hours after CPB; urinary NGAL at 4 hours and IL-18 at 4 hours had the best correlation with days of AKI. They suggested that IL-18 is an early, predictive biomarker of AKI after CPB. However, in a single-centre prospective observational cohort study, Haase et al. [40] proposed a dissenting opinion and argued that IL-18 is useless for predict AKI as they noted that urinary IL-18 at 24 hours postoperatively in patients who developed AKI after cardiac surgery was not different from that of non-AKI patients.
Two biomarkers, tissue inhibitor of metalloproteinases-2 (TIMP-2) and insulin-like growth factor binding protein 7 (IGFBP7), are both inducers of the G1 cell cycle arrest and have recently been applied in clinical practice for the early detection of AKI in critical patients [41] . Analyses of [TIMP-2]*[IGFBP7] on day 1 after transaortic aortic valve implantation revealed a sensitivity of 100% and a specificity of 90% for predicting AKI 2/3. Patients with urinary [TIMP-2]*[IGFBP7] >0.3 had seven times the risk for AKI compared to those critical patients with a result <0.3 [41] . Plasma growth-differentiation factor-15 (GDF-15) can be significantly higher in patients with AKI than in those without it [42] . Heringlake et al. [42] proposed that the plasma level of GDF-15 was a postoperative predictive indicator of AKI. This indicator also predicts postoperative mortality and stratifies patients' risks. However, further investigations are required.
TREATMENT Pharmaceutical Strategies
Diuretics (e.g., mannitol and furosemide): The rationale of AKI treatment by improving renal blood flow and reducing tubular reabsorption is a logical approach for the prevention of outer medullary hypoxic injury. The loop diuretic furosemide acts on the sodium-chloride-potassium co-transporters at the intraluminal side of the ascending limb of the loop of Henle [43] . It has been shown to reduce medullary demand by inhibiting solute reabsorption and to attenuate the severity of AKI in animal models [44] . Furosemide can increase urine output without improving the creatinine clearance, renal function, and ototoxicity from furosemide because the clearance of furosemide increases the precipitation of urinary glycoprotein by inducing aciduria [43] . Treatment with mannitol in patients with cardiac surgery may increase urine flow by 61%, increase renal blood flow by 12%, and decrease renal vascular resistance by 13% [45] . Vasoactive agents (e.g., calcium channel blockers and atrial natriuretic peptide): The protective effect of calcium channel blockers on both the ischemic and nephrotoxic models of AKI is a potential role for cellular and mitochondrial calcium overload during reperfusion [46] . In healthy volunteers and in patients
CONCLUSION
In patients with AKI after cardiac surgery, novel biomarkers have been recognized as reliable indicators for diagnosis, predicting the adverse outcome, and even mortality of postoperative AKI. Renal replacement therapy should start early to achieve a promising prognosis. In children, AKI after cardiac surgery can be managed with peritoneal dialysis, which may benefit them with better hemodynamic stability. dialysate solution is 1.36% peritoneal dialysis fluid. Blood and dialysate flow rates are kept at 100-150 mL/min and 1 L/hour, respectively. Low molecular weight heparin is used during the procedure and the target level of activated coagulation time is maintained at 180-200 seconds. Meanwhile, the ultrafiltration rate is adjusted between 35 and 45 mL/kg/hour [59] . Early start of dialysis is extremely important for improving the outcomes of the patients. An early dialysis means that the dialysis starts within 24 hours after cardiac operation, when the patient is in a stable hemodynamic status without oblivious cardiac dysfunction; while the late dialysis usually starts 24 hours after cardiac operation, when the patient is in an unstable hemodynamic condition with further impaired heart function [10] .
Prognosis
Patients with postoperative AKI were associated with a much higher mortality rate in comparison to those without it (18.8% vs. 2.1%). It has been shown that the mortality was 50% in the patients who needed dialysis [60] . Silva et al. [61] proved in a retrospective study that AKI patients requiring dialysis during postoperative period were a risk factor of late mortality. Zheng et al. [9] reported that patients with oliguresis of 3 hours showed a higher drug cure rate and a lower mortality rate than those with oliguresis >5-6 hours (drug cure rate: 75.8% vs. 17.6%; mortality rate: 3.0% vs. 47.1%; respectively). Han et al. [18] found out that the survival rate of patients with oliguric AKI was significantly lower than of those with non-oliguric AKI. Oliguric AKI, along with sustained hypotension, number of failure organs, and dialysis requirement, was a risk factor closely related to mortality. Demirkiliç et al. [59] reported that continuous venovenous hemodiafiltration was used in patients with creatinine level >5 mg/dL or potassium level >5.5 mEq/L, with no response to diuretics. The intensive care unit mortality rate was 48.1% for patients with an early start dialysis on day 0.88±0.33 and 17.6% for those with a late start dialysis on day 2.56±1.67. Thus, an early dialysis for AKI after cardiac surgery is associated with significant lower hospital mortality.
Pediatric patients with postoperative AKI following correction of congenital heart defect under CPB can be treated by peritoneal dialysis [62] . In such patient population with renal replacement therapy, the mortality rate varied between 33% and 70%. This occurred because children have immaturely developed organ system, with poor physiological reserve and compensatory ability, and impaired tolerance to ischemia and hypoxia. Comparative studies revealed that continuous arteriovenous hemofiltration and continuous venovenous hemofiltration were mostly used in adults, requiring additional blood circuit and system heparinization; while peritoneal dialysis was commonly used for infantile AKI, but no significance was noted in the mortality rates between these groups. Peritoneal dialysis can remove excess water from the body and adjust disturbance of water and electrolyte and acid-base imbalance. Also, peritoneal dialysis shows little influence on hemodynamics, particularly on low output syndrome after open heart surgery, as this kind of dialysis does not require cannulation and systemic heparinization. Peritoneal dialysis is extremely suitable for AKI after open heart surgery in children for renal replacement therapy as for the simple devices and fewer maneuver requirements [63] .
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